JSTOR is a not-for-profit service that helps scholars, researchers, and students discover, use, and build upon a wide range of content in a trusted digital archive. We use information technology and tools to increase productivity and facilitate new forms of scholarship. For more information about JSTOR, please contact support@jstor.org. abstract: In cities with intense low-frequency traffic noise, birds have been observed to sing louder and at a higher pitch. Several studies argue that higher song pitch is an adaptation to reduce masking from noise, and it has even been suggested that the song divergence between urban and nonurban songs might lead to reproductive isolation. Here we present models of signal transmission to compare the benefits of raised song amplitude and song pitch in terms of sound transmission. We chose two bird species that sing with higher pitch in urban areas, the great tit (Parus major) and the blackbird (Turdus merula). For both species, we calculated communication distances in response to different levels of urban noise and in their natural forest habitats. We found that an increase in vocal pitch increased communication distance only marginally. In contrast, vocal amplitude adjustments had a strong and significantly larger effect.
Introduction
Acoustic communication plays a crucial role in the life of many animals, since vocalizations are often essential for finding a mating partner, deterring a rival, or warning against a predator (Bradbury and Vehrencamp 1998) . Therefore, disturbance of the transmission or reception of vocal signals is, in many cases, likely to have fitness consequences for the sender or the receiver or both. In recent years, anthropogenic noise has received increased attention as a factor that impedes acoustic communication in animals, particularly noise pollution from traffic (Brumm and Slabbekoorn 2005; Bee and Swanson 2007; Schaub et al. 2008; Tyack 2008) . When environmental noise is masking a signal, the maximum distance over which the signal can be detected or discriminated by a receiver is reduced, and thus the communication distance or active space of the signal will decrease (Ryan and Brenowitz 1985; Lohr et al. 2003; Bee and Swanson 2007) .
Several studies have shown that birds can adjust their singing behavior in the presence of high levels of traffic noise. Urban robins (Erithacus rubecula), for instance, shift their song output to periods in time when noise levels are low (Fuller et al. 2007 ). In addition to adjustments of song timing, urban birds also vary the performance or the structure of their songs under noisy conditions. First, they simply sing louder when environmental noise levels rise, as is shown in nightingales Luscinia megarhynchos (Brumm 2004) . Second, birds may also increase the pitch of their songs. As the energy of traffic noise typically decreases with increasing frequency, an increase in song pitch will reduce the degree of masking and thus increase the signalto-noise ratio. Several studies on different bird species in urban areas reported such upward shifts in song pitch, both within (Slabbekoorn and Peet 2003; Fernández-Juricic et al. 2005; Wood and Yezerinac 2006; BermudezCuamatzin et al. 2009; Parris and Schneider 2009 ) and between (Slabbekoorn and den Boer-Visser 2006; Mockford and Marshall 2009; Nemeth and Brumm 2009; Ripmeester et al. 2010) populations. It has been suggested that, in the long term, vocal production learning of urban high-pitched songs may cause noise-related cultural evolution of bird songs (Luther and Baptista 2010) , which, when taken to the extreme, might even lead to reproductive isolation of urban and rural populations (Slabbekoorn and Ripmeester 2008) .
However, urban and nonurban habitats differ in many more traits than just background noise profiles (Shochat et al. 2006) , and there is no evidence to date that the observed shifts in urban song frequencies are actually adaptive and an evolutionary response to noise. Thus, it is still an open question whether the high-pitched city songs are adjusted to the low-frequency traffic noise or whether they are the outcome of other processes (Brumm and Naguib 2009; Nemeth and Brumm 2009 ). An important question regarding this issue is how much release from signal masking the reported changes in song pitch actually yield. In the majority of cases, the reported fre-quency differences between urban and rural bird songs range roughly between 0.12 and 0.2 kHz (Slabbekoorn and den Boer-Visser 2006; Mockford and Marshall 2009; Nemeth and Brumm 2009; Hu and Cardoso 2010; Ripmeester et al. 2010) . These noise-associated changes in song frequency are rather small; for comparison, Kroodsma (2004) found that the pitch of certain song elements in a population of three-wattled bellbirds (Procnias tricarunculata) decreased by about 2 kHz during a time span of 25 years (not associated with any changes in background noise). Ultimately, the question of how effective the increased vocal pitch in urban birds is remains an open one, as a quantitative assessment of signal transmission distances in urban birds is lacking.
We addressed this issue by adopting the approach by Dooling and his coworkers, who quantified the extent to which noise impedes the perception of a vocal signal and how much it decreases the active space for communication (Lohr et al. 2003; Dooling 2007; Dooling et al. 2009 ). To calculate the active distances or maximum communication distances in different noise conditions, one must have the following information: the level and spectral composition of environmental noise, the sound pressure level (SPL) of the song, the transmission properties of the song in the respective habitat, and measurements of the hearing capabilities of the concerned species in noise. This information is at least partly available for two species for which frequency differences between rural and urban populations have been observed so far, the blackbird (Turdus merula) and the great tit (Parus major). To estimate the gain in communication distances the reported frequency shifts may yield, we calculated communication distances in forest and city habitats for both low-pitched forest songs and high-pitched city songs.
Birds, like many other animals, increase the amplitude of their vocalizations in response to an increase in the background noise (Lombard effect; reviewed in Brumm and Slabbekoorn 2005) . Data on the Lombard effect in urban great tits and blackbirds are not published, but they are available for another songbird species, the nightingale (Brumm 2004) . We used these data from urban nightingales as a proxy for the species studied here to calculate the gain in active space the Lombard effect may yield in city noise.
Methods

Noise Spectra
Measurements were conducted between March 21 and 27, 2009, in joint territories of blackbirds and great tits across 10 sites in the city center of Vienna and 10 sites in the Vienna woods (Nemeth and Brumm 2009 ). All measurements were taken in the morning between 0500 and 0700 hours. There was no wind near the ground, but light to gentle wind (Beaufort 1-3, ∼0.3-5.5 m s Ϫ1 ) in the canopy of the forest caused noise by rustling leaves. Sound-level measurements were taken with a high-precision CEL 383 integrating-impulse sound level meter placed at a height of 1.5 m. We measured the equivalent continuous sound level (L eq ) for a time interval of 1 min by using an Aweighting filter (L Aeq ) and a linear response setting (L Leq ). With both filter settings, the noise levels in the city were higher and more variable than in the forest (mean ‫ע‬ SD in dB; L Aeq : city p , forest p ; L Leq : 54.0 ‫ע‬ 7.1 45.4 ‫ע‬ 1.8 city p , forest p ). At each location, 71.3 ‫ע‬ 9.2 60.0 ‫ע‬ 5.4 at least 1 min of environmental noise was recorded simultaneously to quantify the spectral distribution of environmental noise. For these recordings, we used an AKG CK 62-ULS microphone with a flat frequency response connected to a Marantz PMD660 digital recorder.
The hearing threshold in masking noise depends on the relation of signal amplitude to the amplitude of noise in the frequency range of the signal (see below). Therefore, the sound spectrum level is used as a measure for noise amplitude in perceptional studies on hearing in masking noise. The spectrum level is defined as the intensity level of sound within a specified frequency band, usually 1 Hz. This measure is different than the sound pressure level, which measures the sound intensity over a broader frequency range. For a noise with a flat spectrum over a defined frequency band (i.e., white noise), the spectrum level equals the sound pressure level minus 10 log 10 (frequency range [Hz] ). For example, for white noise with a sound pressure level of 60 dB in the frequency range 0-10 kHz, the corresponding spectrum level would be 40 dB less, which is 20 dB. However, traffic noise, as well as any noise in natural environments, does not have a flat spectrum, so we calculated the spectrum levels for each of our noise measurements. To this end, we calculated power spectra for the noise recordings that were made simultaneously with the SPL measurements in the field. The power spectra of each location were then calibrated with the corresponding sound pressure levels to produce the spectrum level of sound. Noise spectra were calculated with Avisoft SASLAbPro software (ver. 4.53; R. Specht, Berlin) .
Since the published measurements of sound pressure level of blackbird and great tit songs were conducted with A-weighting, we took this into account when we calculated the masked thresholds (see below). In our measurements, city noise varied considerably over time (Nemeth and Brumm 2009 ); therefore, we calculated the communication distances for both the average noise level, calculated as described above, and a condition of increased noise, that is, the average noise plus 1 SD ( fig. 1 ). Sound pressure levels are given as spectrum levels (dB values per Hz); fast Fourier transform size p 32,768; window type: rectangular; high-pass filter at 70 Hz. The spectra are averaged over noise profiles from 10 city and 10 forest territories of blackbirds and great tits. Standard deviation values were calculated for each Hertz. The curves are smoothed with an average of 20 points (i.e., 20 Hz).
Transmission Properties of Sound in the City and in the Forest
To calculate the masking effect of the noise, one must take into account the attenuation of bird song in a city environment. To our knowledge, such measurements are still missing and are certainly highly desirable . Cities are highly complex and variable sonic environments. On one hand, streets are artificial canyons reflecting sound; at short distances and along straight transmission paths, sound is more or less attenuated as in free-field conditions (that is, a 6-dB reduction in amplitude [or a 6-dB attenuation] per doubling of distance [dd]), plus atmospheric absorption (Wiener et al. 1965) . However, Goyke et al. (1968) found that the sound of sirens on the roofs of houses attenuated along a straight street with 8 dB dd
Ϫ1
. Lyon (1974) concluded that 7-8 dB dd Ϫ1 is a realistic value for straight propagation along streets, while, on the other hand, a turn away from the sound source into a cross street causes an additional attenuation of 10-20 dB. Moreover, city birds are often found in parks and undeveloped open spaces with vegetation that, depending on height and extension, can attenuate sound similar to woodlands or forest. Considering this huge diversity in urban acoustics, we decided to use a very simplified assumption: we assumed that the bird songs are attenuated with 8 dB dd Ϫ1 plus the frequencydependent attenuation caused by absorption of sound energy in the atmosphere (Lyon 1974) . In many cases, bird songs are not simply transmitted along streets: oftentimes there are houses between sender and receiver that act as effective acoustic shields. However, our sound-transmission model can be seen as a scenario of optimal communication with no acoustic barriers. The blackbirds and great tits observed at our study sites sang high above the ground (15 m), and thus no ground effect was considered (Embleton 1996) . Atmospheric attenuation was calculated according to the international standard for attenuation of sound during propagation outdoors, ISO 9613-1 (ISO 1993), which was also used in another study of bird song transmission (Jensen et al. 2008) . The following values for air temperature, atmospheric humidity, and atmospheric pressure were used in our model: 13ЊC, 71% relative humidity, and 99.05 kPa air pressure. These are long-term averages for the inner city of Vienna as measured at 0700 hours during the months April-June (unpublished data from the Zentralanstalt für Meteorologie und Geodynamik, Vienna).
The attenuation values for sound in forests were taken from Marten and Marler (1977) . To calculate frequencydependent sound attenuation, we averaged values for sound transmission at a height of 5 m in a deciduous forest with leaves. We chose a deciduous forest with leaves because our spectra were measured at a time when leaves were already present. According to the values given by Marten and Marler (1977) , excess attenuation-that is, the additional attenuation of sound above the decrease of amplitude due to spherical spreading-was 6.5 dB/100 m at 2 kHz with a linear increase of ϩ2.6 dB/100 m for every 1-kHz increase in signal frequency. For all calculations, we considered these frequency-dependent attenuation effects by forest and atmosphere, and attenuation values were calculated for every frequency value of the respective songs.
Sound Pressure Level and Frequency of Songs
The mean sound pressure level of blackbird songs was estimated as 67.4 dB(A) (where A refers to A-weighting) at a distance of 10 m for the most powerful part of the song (Dabelsteen 1981) . For great tits, a similar sound pressure level of 68.8 dB(A) at 10 m was measured (Blumenrath and Dabelsteen 2004) . For the transmission models, both SPL values were extrapolated to sound pressure levels in a distance of 1 m to the bird (Brumm 2004) . The frequencies for the calculation of masked thresholds were taken from the songs of 16 forest and 17 urban blackbirds (Nemeth and Brumm 2009 ). Peak frequencies were measured for each motif element in the blackbird (the motif elements are the loudest elements of blackbird song that are thought to function in long-range communication in this species; Dabelsteen et al. 1993 ). In our blackbirds, the average difference in song frequency between the two habitat types was 198 Hz. The magnitude of this divergence was recently confirmed by Ripmeester et al. (2010) , who found a similar difference of 122 Hz between urban and forest blackbird songs.
The frequencies for great tit songs were taken from Slabbekoorn and den Boer-Visser (2006) . The song frequency values in this study represent mean minimum frequencies for 10 European city-forest pairings, with 16-39 individual great tits in each. To our knowledge, the study of Slabbekoorn and den Boer-Visser (2006) is the most comprehensive investigation of urban-rural song differences to date. It found that, on average, urban great tit songs were 205 Hz higher than they were in forests. Recently, another study found a larger difference of 478 Hz between urban and rural great tit songs (Mockford and Marshall 2009) . We decided to use the song frequency values published in Slabbekoorn and den Boer-Visser (2006) for our model, for two reasons: first, these frequency measurements were based on a bigger sample size, and second (and most importantly), Slabbekoorn and den Boer-Visser (2006) report the means for each city. These values are necessary to calculate standard deviations in our song transmission model and also to use statistical tests to investigate differences in communication distances. However, since the mean overall difference in song pitch reported by Mockford and Marshall (2009) is higher than that found by Slabbekoorn and den Boer-Visser (2006) , and thus will most likely lead to a greater communication distance in traffic noise, we also discuss the potential gain in communication distance for that value.
To assess the potential for effective release from masking through these frequency adjustments, we also calculated communication distances for a well-established adaptation to background noise in birds and mammals, the Lombard effect, which is the use of louder signals in the presence of noise (Brumm and Slabbekoorn 2005) . As a proxy for the species studied here, we used published values for the Lombard effect in urban nightingales (Brumm 2004 ). On average, the nightingales in the noisiest territories (above the 50th percentile of environmental noise levels; N p 7 males) sang with a 5.2-dB-higher vocal sound pressure level than did their conspecifics in the quieter locations (below the 50th percentile of environmental noise levels; males). We used this average value to calculate the N p 7 gain in communication distance in noise due to the Lombard effect for great tits and blackbirds. This average Lombard value of 5.2 dB is likely to be a conservative measure, because the maximum difference in song amplitude between urban nightingales was about 14 dB (Brumm 2004) and the same magnitude of noise-dependent amplitude regulation was also found within individuals (Brumm and Todt 2002) . Moreover, an increase of 5.2 dB in vocal amplitude is similar or even lower than the values found for other songbird species in the lab (Cynx et al. 1998; Kobayashi and Okanoya 2003) .
Auditory Thresholds in Noise
To date, auditory thresholds in masking noise are available for 15 bird species (Hienz and Sachs 1987; Okanoya and Dooling 1987; Langemann et al. 1995 Langemann et al. , 1998 Lohr et al. 2004; Jensen and Klokker 2006; Dooling and Popper 2007) . The auditory threshold in noise depends on the sound pressure level of a sound and the spectrum level of the masking noise at the frequency of the sound signal. This signal-to-noise ratio, called the critical ratio, is to a large extent independent of the overall noise level. In great tits, the critical ratios were studied by Langemann et al. (1998) , and according to their measurements, for the great tit we used an interpolated value of 24.3 dB at 3 kHz for the frequencies investigated in this study. To our knowledge, critical ratios in masking noise are not available for blackbirds. Therefore, for the blackbird we used the mean value of ∼2 kHz for the nine tested species of songbirds (Dooling et al. 2000; Jensen and Klokker 2006) , which is 25 dB. Our assumed critical ratio values neglect a change in the critical ratio with frequencies, as is observed in some species. We did not account for it for two reasons: First, the measurements of critical ratios are usually made in increments of octaves. The available values in the range of our study songs are at 2 and 4 kHz. However, the observed differences in song frequency between city and forest birds are much smaller (0.12-0.2 kHz), and thus it advisable to not interpolate here without more exact measurements. Second, even if we consider such an interpolation to be feasible, it will not change our conclusions. If the critical ratio in blackbirds changes with frequency, as is found in other songbirds, then we can expect that the critical ratio is increasing on average ∼3 dB/octave (Dooling and Popper 2007) . Thus, an upward shift of 200 Hz in the blackbird song would lead to a small (0.3-dB) negative impact on the detection of the signal, therefore reducing the communication distance. Consequently, an increase in song pitch would be less adaptive for communication in noise. Great tits show a more or less flat critical ratio function in the frequency range studied here (Langemann et al. 1998) , and thus a change in pitch is unlikely to affect detection thresholds in noise. However, only more measurements of critical ratios in smaller increments could clarify this issue completely.
The critical ratio allows for the detection of a signal, but even higher signal-to-noise ratios are necessary for recognition or discrimination of a song in noise (Klump 1996; Lohr et al. 2003; Brumm and Slabbekoorn 2005 ). Here we assumed for both species an additional 3.29 dB to reach the discrimination threshold. This specific value was adopted from the study of Lohr et al. (2003) , in which an average value was calculated for budgerigars (Melopsittacus undulatus), zebra finches (Taeniopygia guttata), and canaries (Serinus canaria).
Calculation of Communication Distances
All the variables mentioned above were then used to calculate detection and discrimination distances for 33 frequency values of blackbird songs (17 urban and 16 forest males taken from Nemeth and Brumm 2009) where the attenuation is the threshold value (in dB) of the signal-to-noise ratio necessary for the discrimination (see above) of songs, is the maximum possible com-D c max munication distance for the signal, and D 0 is the reference distance (1 m in our case). The first term on the right equals the attenuation by spherical spreading, and EA is the excess attenuation (i.e., the attenuation of sound above that which is caused by spherical spreading). We solved the equation for for blackbird and great tit songs in D c max forest and city habitats. There is no analytical solution for this nonlinear equation, and values for were calcu-D c max lated iteratively with the Newton-Raphson method (Deuflhard 2004) .
We offer the following hypothetical example to illustrate the procedure. We assume a bird song with a peak frequency of 2,000 Hz, an amplitude of 90 dB at 1 m distance, and environmental noise with a noise spectrum level of 10 dB at this frequency. When conspecific birds require a critical ratio of 25 dB, the SPL for discrimination must not be lower than 35 dB and attenuation of the song must thus not exceed 55 dB (pattenuation threshold of the equation above). If the bird is singing in the forest with an excess attenuation of 0.065 dB m
Ϫ1
, then the maximum communication distance ( ) for this song would be D c max 164 m.
Statistical Analysis
Differences in communication distances between individuals (blackbirds) and populations (great tits) were tested with two-tailed Mann Whitney U-tests. Calculations were made with Microsoft Excel 2003; statistical analyses were conducted with SPSS 16.1.
Results
The city-noise spectrum was dominated by traffic noise and had its main energy below 1 kHz ( fig. 1 ). In the forest, the low-frequency noise was caused by rustling leaves in the canopy; high-frequency noise between 2.5 and 5 kHz was due to songs from other bird species. In this frequency range, the spectrum-level values exceeded even average urban noise.
The song transmission models for urban and forest habitats revealed that, in both species, the communication distances were larger in the forest than in urban areas ( fig.  2) . In city habitats, an upward shift in song frequency increased the communication distance to a significantly lesser degree than did the expected increase in amplitude (Mann-Whitney U-test; great tits: N low-pitched ϩ 5dB p N highpitched p 10, , ; blackbirds: N low-pitched ϩ 5 dB p U p 0 P ! .001 16, N high-pitched p 17, , ; identical results for U p 0 P ! .001 average and higher city noise; fig. 2 ).
In the urban habitat, high-pitched songs had a higher communication distance than did low-pitched songs ( fig.  2A, 2B ), but this effect was rather small in both species. In average city noise (54 dB), the maximum communication distances of great tit forest songs was 86.0 m ‫75.2ע(‬ m SD), and that of high-pitched songs was 93.8 m ‫98.4ע(‬ m). In high-intensity city noise (61 dB), the communication distances slightly increased from 60.9 m ‫45.1ע(‬ m) for low-pitched songs to 66.9 m ‫12.4ע(‬ m) for highpitched songs. In contrast, if great tits do not shift song frequency but exhibit only the Lombard effect, then they could communicate over a distance of 126 m ‫91.3ע(‬ m) in average city noise and 90.9 m ‫00.2ע(‬ m) in highintensity noise. Thus, compared with low-pitched forest songs, the gain in communication distances of highpitched songs was 9%-10% and the gain of louder songs was 47%-48%.
LAND-170
In their natural forest habitats, blackbirds had considerably greater communication distances than did great tits, but this pattern was reversed in urban habitats because the low-pitched blackbird songs are more strongly affected by the masking background noise (fig. 2) . In average city noise, high-pitched blackbird songs will be discriminated by a conspecific at up to 56.3 m ‫17.4ע(‬ m), and lowpitched songs are discriminated at up to 50.5 m ‫11.3ע(‬ m); in high-intensity city noise, the corresponding values are 34.1 m ‫27.2ע(‬ m) and 30.2 m ‫36.1ע(‬ m). As in the great tits, louder songs yielded considerably greater communication distances in blackbirds: 77.3 m ‫27.4ע(‬ m) in average city noise and 46.5 m ‫35.2ע(‬ m) in high-intensity city noise. Compared with forest songs, the gain in communication distance of high-pitched songs was 11%-13% and, for louder, low-pitched songs, it was 51%-53%.
The superior efficiency of the Lombard effect over frequency shifts for communication in noise is even more pronounced when we consider circular broadcast areas or active spaces rather than linear communication distances. In great tits, the increase in pitch enlarges the active space of the songs by only 19%-21%, but the increase in amplitude results in an enlargement of 115%. Likewise, the increase in blackbird song pitch increases the active space by 24%-27%, compared with a 127%-134% improvement achieved by the Lombard effect.
Discussion
We found that the higher song pitches of urban blackbirds and great tits had only a weak effect on the active space for communication. In contrast, a typical increase in song amplitude yields a gain in maximum communication distance that is five times higher than the observed increase in song pitch.
Our calculations were based on reported frequency differences of 198 Hz in blackbirds (Nemeth and Brumm 2009 ) and 205 Hz in great tits (Slabbekoorn and den BoerVisser 2006) . However, another study on great tit songs found a difference of 478 Hz between urban songs and rural songs (Mockford and Marshall 2009 ). When we calculate the maximum communication distances based on the data reported in Mockford and Marshall (2009) , the urban great tit songs are detectable 20% farther than the rural songs in our typical city noise. This is roughly twice as effective as the frequency shift reported by Slabbekoorn and den Boer-Visser (2006) , but even so, an average Lombard effect in the lower-pitched rural songs would increase their communication distance by about 50%. To achieve the same release from masking in traffic noise that is achieved by the Lombard response, great tits would need to increase the their song frequency by more than 1 kHz. However, one could argue that even the very small benefits of increased song pitch could be adaptive. If anything, our results indicate that this adaptation can yield only minor benefits in terms of signal transmission. Therefore, it would be important to ascertain whether these lesser increases in communication distance are ultimately powerful enough to lead to fitness benefits. Moreover, our results show that the Lombard effect is much more effective in mitigating song masking by anthropogenic noise than are the reported frequency shifts, thereby challenging the common view about the role of high-pitched urban songs in counteracting anthropogenic noise.
An important difference between the songs of urban blackbirds and those of great tits is how frequency characteristics have changed in the city populations. In urban blackbirds, the whole song is shifted upwards in frequency (Nemeth and Brumm 2009; Ripmeester et al. 2010) , whereas in urban great tits only the minimum frequencies have changed and not the peak or the loudest frequency of the song (Slabbekoorn and den Boer-Visser 2006; Mockford and Marshall 2009) . This has several consequences for the transmission of songs. For blackbirds, communication distances were calculated for the loudest frequencies, but in the great tits the minimum frequencies, which have lower amplitudes than our assumed values, were considered. We can thus generally expect smaller communication distances for great tits than those estimated by our model. This means that, for the results of this study, the absolute values for these elements would decrease in all cases but the relative difference in communication distances between habitats and song types would more or less remain the same.
Moreover, and more importantly, it is unclear how significant minimum frequencies are for perception and communication in great tits. Great tit song types consist of different notes arranged in phrases that can be repeated several times (McGregor and Krebs 1982) . The proposed mechanism for urban songs in low-frequency noise is that birds use particular song types with higher minimum frequencies or, in other words, song types with fewer lowfrequency notes (Halfwerk and Slabbekoorn 2009) . At the same time, great tits do not change the peak frequencies of their songs when singing in noisy city areas (Slabbekoorn and den Boer-Visser 2006) . In a sample of songs from 10 great tits, the minimum frequency was the loudest frequency in only one of 10 song types. In the remaining cases, the minimum frequencies were on average 3.9 dB softer than the peak frequencies (E. Nemeth, unpublished data). Thus, the peak frequencies will be the main determinant of the maximum communication distance. An upward shift of the lower frequencies or a change to song types with higher minimum frequencies alone as such would not increase the active space of the song.
How Realistic Are Our Assumptions?
Our results for the distance gains of frequency shifts depend on the slope of the noise level decrease with increasing frequency. Thus, it is crucial to know the extent to which our noise profile is representative. One opportunity to compare the shapes of our noise spectra with those of others is offered by Pohl et al. (2009) . They show an average spectrum of urban noise from 10 European cities that were surveyed in the study of great tit songs by Slabbekoorn and den Boer-Visser (2006) . An inspection of the presented spectral distribution in Pohl et al. (2009) shows a decline of about 7 dB between 3 and 4 kHz. This decline is 2 dB steeper than what we observed in the noise samples we recorded in the city center of Vienna. The steeper slope of the noise sample published by Pohl et al. (2009) leads to a stronger release from masking for higher-pitched songs. Nevertheless, the greater masking release results in only a very minor improvement of communication distances: assuming a spectrum level of 7.25 dB (average value in our data) at 3 kHz and a linear decrease in the spectrum level of 7dB/1 kHz, the average communication distance for great tit songs in city noise is 102.6 m for urban songs and 93.1 m for forest songs. This is only slightly better than the results of our model ( fig. 1) , and it does not change the magnitude of the effect (a 10% compared with a 9% increase in communication distances).
Another important factor for the validity of our calculations are our assumptions about the attenuation of sound. Differences in excess attenuation values affect the calculated communication distances for frequency shifts and amplitude adjustments in the same way. But the effect of an upward shift in pitch can be influenced by frequencydependent attenuation, either by the atmosphere or by vegetation. The stronger the sound attenuation increases with frequency, the less useful is a shift to higher frequencies to counteract masking from noise. In our urban sound-transmission model, we assumed only frequencydependent attenuation by the atmosphere, and our chosen conditions (with rather high humidity) result in a relatively low attenuation of sound. Likewise, we excluded attenuation by vegetation in cities, which would also lead to a much stronger attenuation of high frequencies. However, urban birds are often found in parks or other areas with sound-absorbing vegetation, and oftentimes males also sing during periods of lower atmospheric humidity. We therefore believe that our urban song-transmission model underestimates the effect of attenuation of higher frequencies. Thus, the reported gains in communication distances by higher-pitched songs are probably overestimated. At any rate, we are confident that they are not too low.
Another simplifying assumption of our model concerns the temporal pattern of background noise in forests, which could potentially affect the active space of bird songs. In forests, masking noise is often due to sounds produced by other bird species, particularly during the dawn chorus, when a multitude of species sing at the same time and thus mutually mask their songs. Listening birds can, at least to some extent, localize such noise sources in space, and it is therefore conceivable that birds may experience some spatial masking release in hearing (Dent et al. 1997 (Dent et al. , 2009 ). Moreover, birds can adjust the timing of their songs within a few hundred milliseconds to avoid temporal overlap with heterospecific songs (Brumm 2006b ), which will increase signal-to-noise ratios. In addition, temporal amplitude fluctuation of sound sources can also lead to masking release from noise (Langemann and Klump 2007) , and this could improve the detection of signals in both cities and forests. Since we could not account for these factors in our calculations, it cannot be ruled out that our model may underestimate real communication distances.
Why Do Birds Sing at a Higher Pitch in Urban Noise?
After we found only weak beneficial effects of a frequency shift in the models, the question remains: why do some birds sing higher-pitched songs in the presence of intense environmental noise? Of course, the feeble improvements in signal transmission could nevertheless be adaptive to mitigate acoustic song masking. To support this notion, it would be necessary to show that individual fitness varies with song pitch in urban bird species. From a proximate point of view, it could simply be that the Lombard effect is usually accompanied by a raise in pitch and that combined, these two changes contribute to increased signalto-noise ratios. If this is true, the shift in frequency could have evolved either separately or as a side effect of singing at high amplitudes (Brumm 2006a; Brumm and Naguib 2009) . Indeed, vocal amplitude and sound frequency can be coupled, as for instance in human speech (e.g., Lienard and Di Benedetto 1999; Jessen et al. 2005; Laukkanen and Sundberg 2008) and frog calls (Lopez et al. 1988; Bee and Perril 1996) , and also in bird vocalizations (Beckers et al. 2003) . If song pitch and vocal amplitude are also coupled in the cases considered here for great tits and blackbirds, then the increase in song pitch would be an epiphenomenon of the Lombard effect and not an adaptation that is driven by the need to reduce overlap between signal and noise frequencies. Recently it has been suggested that birds may adjust the minimum frequencies of their songs in response to changes in the level of background noise on short temporal scales (Bermudez-Cuamatzin et al. 2009; Halfwerk and Slabbekoorn 2009) . This is in line with the notion that frequency shifts may be a consequence of the Lombard effect, as birds will inevitably and immediately sing louder when exposed to masking noise (Cynx et al. 1998; Brumm and Todt 2002; Kobayashi and Okanoya 2003) . At least in the laboratory, a potential coupling of song pitch and amplitude can be tested, and we hope that future experiments will soon clarify the issue.
Alternatively, the higher pitch of urban songs might be causally related to a higher arousal of singing city birds (see Nemeth and Brumm 2009 ). For instance, blackbirds occur in higher densities in urban areas than in rural or forest habitats, and as a consequence, they may have more intense territorial interactions with neighboring males. This would change the motivational state of a singer, which can also be reflected in the structure of song. Moreover, the high-pitched city songs could also be related to differences in endocrinological states between urban and rural birds, such as differences in testosterone levels or corticosterone secretion (Partecke et al. 2004 (Partecke et al. , 2005 (Partecke et al. , 2006 . Finally, it is possible that the causes for high-pitched urban songs may differ between species. The fact that different spectral song parameters are affected in blackbirds and great tits may be a hint in this direction.
In conclusion, we found that the frequency changes of urban songs are not very effective in mitigating masking from traffic noise relative to the benefit that could be achieved by simply increasing song amplitude. Hence, we conclude that they are perhaps not the outcome of an adaptation to reduce signal masking. Experimental studies are required to disentangle the alternative hypotheses regarding song pitch of urban birds.
